A galaxy group catalog is built from the sample of the 2MASS Redshift Survey almost complete to K s = 11.75 over 91% of the sky. Constraints in the construction of the groups were provided by scaling relations determined by close examination of well defined groups with masses between 10 11 and 10 15 M ⊙ . Group masses inferred from K s luminosities are statistically in agreement with masses calculated from application of the virial theorem. While groups have been identified over the full redshift range of the sample, the properties of the nearest and farthest groups are uncertain and subsequent analysis has only considered groups with velocities between 3,000 and 10,000 km s −1 . The 24,044 galaxies in this range are identified with 13,607 entities, 3,461 of them with two or more members. A group mass function is constructed. The Sheth−Tormen formalism provides a good fit to the shape of the mass function for group masses above 6h −1 × 10 12 M ⊙ but the count normalization is poor. Summing all the mass associated with the galaxy groups between 3,000 and 10,000 km s −1 gives a density of collapsed matter as a fraction of the critical density of Ω collapsed = 0.16.
Introduction
The definition of galaxy groups is fraught with ambiguity. Practitioners of simulated N-body universes have a relatively easy time, given precise knowledge of the three-dimensional positions and velocities of large numbers of test particles. With observations of the real universe only the two projected dimensions of galaxy positions are known with high accuracy. The third dimension, distance, is usefully measured only for the nearest systems. Radial velocities are only crude discriminants, strongly modified by non-linear gravitational effects. Of proper motions we generally know nothing. Then there are the problems of small numbers and lost information. Most galaxies live in groups that contain only a few members substantial enough to be recorded at a significant distance. As distance increases the recorded fraction of group members drops.
The challenge to a cataloger is to capture the identities of groups consistently over wide ranges of both group mass and distance. Commonly, group constructions are built with a friends-offriends algorithm (Huchra & Geller 1982) . The information is pairwise separations in projection and radial velocity. The spatial separation scale chosen for the group construction is clearly dependent on distance since the density of recovered candidates falls with distance. Simultaneously, physically appropriate separation scales vary with group mass. Similarly, but even more sensitively, group velocity differentials depend on mass. It is possible to incorporate the additional information of galaxy luminosities into the linkages. A recipe relating light to mass can be introduced.
A catalog can be built under a set of assumptions about the coupling of separations in space and velocity across large ranges in mass and distance. Different assumptions may achieve inclusion of true group members and rejection of interlopers with varying degrees of success. Ultimately at issue is to what degree the properties of the cataloged groups are a correct representation of na-ture as opposed to a biased representation imposed by the assumptions within the group-finding algorithm. There have been many attempts to build group catalogs since an early qualitative effort by de Vaucouleurs (1975) . Many involve variations of friends-of-friends linkages (Huchra & Geller 1982; Geller & Huchra 1983; Maia et al. 1989; Giuricin et al. 2000; Ramella et al. 2002; Merchán & Zandivarez 2002; Eke et al. 2004; Crook et al. 2007; Lavaux & Hudson 2011; Tempel et al. 2014) .
Others construct trees and/or use luminosities as a criterion for connectivity (Materne 1978; Vennik 1984; Tully 1987; Nolthenius & White 1987; Nolthenius 1993; Yang et al. 2005; Weinmann et al. 2006; Makarov & Karachentsev 2011) . This new catalog is built with a methodology that most closely resembles that by Yang et al. (2005) .
The present project is motivated by the proposition that we have a basic understanding of what constitutes a group so the search parameters should conform to this knowledge. Clearly there is a risk that the constraints will prejudice the outcome. However it can be argued that all extant group catalogs have been prejudiced by their choices of constraints. Indeed in all extant group catalogs it is not hard to find proposed groups that are questionable. A test of the current catalog will be whether it is a better survivor of this critique.
A companion paper (Tully 2015) , hereafter T15, presents the rationale for the group-finding algorithm that will be used. In that study, a modest number of very well studied groups are given attention. Those groups range from the Coma Cluster at the high mass end, at ∼ 10 15 M ⊙ , to associations of dwarf galaxies with masses of a few times 10 11 M ⊙ . Some of the groups are overwhelmingly dominated by early-type HI gas-poor systems and others are dominated by late-type gas-rich systems. In these well studied cases there are signatures of the extent of the (quasi) virialized halos and infall regions. It was possible to quantify scaling relations between dimensions, velocity dispersions, and masses. It is found that mass-to-light ratios for groups increase with group mass (Tully 2005; Yang et al. 2009 ). These group characteristics seem well enough established that they ought to be used as constraints in the construction of a group catalog.
The galaxies that will be considered for the current group catalog are drawn from the 2MASS Redshift Survey (2MRS) sample that, aside from a narrow low Galactic latitude exclusion zone, is almost complete to K s = 11.75 (Huchra et al. 2012) . Crook et al. (2007) constructed a group catalog with a 2MRS sample limited at K s = 11.25 and Lavaux & Hudson (2011) built a 2MASS catalog with flux limits that differ across regions of the sky.
The methodology that will be discussed involves a translation from luminosities to masses. Since the input catalog is flux limited, an adjustment is required to account for lost light with distance. All galaxies in the 2MRS 11.75 sample are given group assignments but the physical nature of the groups at expansion velocities above 10,000 km s −1 are suspect. The lost light adjustment flairs to large values at large distances, begging the imposition of an upper limit to the practical catalog at 10,000 km s −1 in the CMB frame There is also a practical low velocity limit of 3,000 km s −1 (CMB frame). Relative group parameters are determined from redshifts (assuming H 0 = 100h km s −1 Mpc −1 ) and peculiar velocities add scatter to parameters at low observed velocities. Also, there are interesting options to a 2MRS sample locally. 2MASS samples misses low surface brightness galaxies. Such galaxies do not make an important contribution beyond 3,000 km s −1 but are dominant in a nearby sample ). At present, perhaps the best group catalog for the volume within 3,000 km s −1 is the one by Makarov & Karachentsev (2011) . The ambition here is to provide the best group catalog for the volume between 3,000 and 10,000 km s −1 . All galaxies in 2MRS 11.75 are given an assignment reflecting their environment, be that to a group of two or more members or as a "group" of one.
The outline of this paper is as follows. In the next section there will be a review of what can be claimed to be understood about the properties of galaxy groups, drawing heavily on the companion paper T15. The third section will discuss the 2MRS 11.75 base catalog. There will be an evaluation of completeness issues, then a formulation of a group-finding algorithm consonant with the ideas presented in section 2. Section four hosts the catalog. In section five there is a discussion of the statistics of group properties. A group mass function is constructed in section six.
Properties of Known Galaxy Groups
Dimension parameters that are accessible to Nbody simulators, like the overdensity scale r 200 , a radius at 200 times the density required to close the universe with matter, or the dynamical gravitational radius r g
are not very useful to observers. How does one define a density surface about groups with only a few members? Likewise, the projected gravitational radius is unstable if statistics are poor and, in addition, requires a postulation of group membership to be applied. It was argued in the companion paper T15 that a group manifests a scale that is accessible to observations: the projected radius of second turnaround, R 2t (the nomenclature of T15 is followed, with projected dimensions in upper case R and those in 3D in lower case r). With radial infall in a spherical system, galaxies initially plunge through the group and then continue outward until they stall at the second turnaround radius, r 2t . Simplest models anticipate a cusp at r 2t (Bertschinger 1985; Shandarin & Zeldovich 1989) . With N-body collapse models the cusp is damped but a density discontinuity feature remains (Vogelsberger et al. 2009 ).
The discontinuity associated with R 2t can be seen in judiciously selected groups. Here "judicious" means the chosen groups have been studied individually in detail, both with imaging and spectroscopy, to depths sufficient to generate large samples. Efforts were made to minimize interloper problems. Details are given in T15.
A second parameter readily measured for these well studied groups is the radial component of the velocity dispersion σ p for galaxies within the radius R 2t . In T15 it is demonstrated that there is a linear relationship between the two measured parameters
1 The scaling relations cited in T15 are derived with distance measures consistent with H 0 = 75 km s −1 Mpc −1 . In this paper, distances are converted from velocity units assuming H 0 = 100 km s −1 Mpc −1 and the scaling relations are established from consideration of 13 groups ranging from the M31 halo to the Coma Cluster. Given a census of group members within R 2t , the projected gravitational radius can be calculated. Mass weighting, as explicit in Eq. 1, is not a good idea because a mass-weighted solution is dominated by a small number of objects and is unstable. The information from dwarf test particles is ignored. Instead, the unweighted formulation is used
where there are N group candidates and pair projections are counted only once. With this information, the group virial mass, M v , can be calculated
where statistically r g = (π/2)R g and σ 3D = √ ασ p . The parameter α depends on the nature of the orbits and in T15 there is justification for the choice α = 2.5.
With a dynamical measure of M v in hand (or
with 8 well studied groups ranging in mass from 2 × 10 12 M ⊙ to 2 × 10 15 M ⊙ . An alternate, not independent, formulation is
How can this information be used to define groups from a redshift catalog? Given knowledge of group mass then the projected group scale R 2t and velocity dispersion σ p would be statistically known. Initially there is no knowledge of group mass but there is information from a proxy: K band luminosity. It is next necessary to evaluate the relation M v /L K for groups over a range of masses.
As a starting point, there is a known dependence of mass-to-light ratio on group mass at optical bands. Tully (2005) be of concern here. Marinoni & Hudson (2002) and van den Bosch et al. (2003) reached similar conclusions indirectly from the need to reconcile the galaxy luminosity function and the halo mass function. At K s band the Coma Cluster provides a robust mass-to-light calibration at high mass. T15 gave attention to a deeper survey than 2MRS 11.75, the 2MASS Extended Source Catalog (Jarrett et al. 2000) with 367 group redshifts. At a distance given by the group mean CMB frame redshift of 7331 km s −1 and H 0 = 100h km s −1 Mpc −1 (as will be assumed consistently in this discussion) the Coma Cluster projected second turn-around radius is R 2t = 2.2h −1 Mpc, the projected velocity dispersion is 971 ± 51 km s −1 , the group virial mass is M v = 1.7h
Here, L Ks has received adjustments for incompletion as will be discussed in the next section.
At the other extreme of the mass range of interest, there is good information from the numerical action modeling of galaxy orbits in the vicinity of nearby groups . A characteristic value for the dominant spirals in small groups is M/L Ks = 40hM ⊙ /L ⊙ . Elliptical galaxies have 25% more mass per unit K s light.
This difference in M/L over the interval 10 12 − 10 15 M ⊙ is consistent with the dependence found by Makarov & Karachentsev (2011) of M p ∝ L
Ks
where M p is the projected mass (Heisler et al. 1985) . These consistent constraints motivates the following formula for the translation from observed luminosity to expected group mass M
where L 10 is the K s luminosity in units of 10 10 L ⊙ and assuming H 0 = 100 km s
13 L ⊙ . Below and above these luminosity limits M v /L Ks is held constant at 43 and 121 M ⊙ /L ⊙ respectively. The uncertainty in this transformation from luminosity to mass is estimated at 20% (68% probability) from comparisons between virial and luminosity masses discussed in Section 5.
The 2MRS 11.75 Catalog
The 2MASS Redshift Survey (2MRS) with redshifts available for 98% of galaxies from the Two Micron All Sky Survey (Jarrett et al. 2000 (Jarrett et al. , 2003 brighter than K s = 11.75 outside a Milky Way exclusion zone of 9% of the sky is the last publication and tribute to John Huchra (Huchra et al. 2012) . The redshift catalog used here contains 43,065 entries. In the following, 2MRS total magnitudes corrected for extinction are used, resulting in a completion limit that is slightly boosted to K s = 11.5.
The 2MRS Luminosity Function
As with any flux limited sample, intrinsically faint galaxies are lost with increasing distance, so a first order of business is to determine a selection function that describes this loss of information. Others have considered this problem with related data sets. Here, a blind formulation is derived and then compared with the literature.
It is to be appreciated that the 2MASS catalog misses low surface brightness galaxies. The 2MASS exposures were short, observing with modest sized telescopes, against high and variable auroral sky emission in the K s band. The photometric integrity of the survey is exceptional but Figure 1 provides a demonstration, in comparison with a deeper survey of a small region (Tully et al. 1996) , of the loss of low surface brightness flux. Very low surface brightness galaxies are lost entirely from the 2MASS catalog.
Although Figure 1 looks scary, the loss of low surface brightness galaxies is not a substantial problem for the present study because a lower redshift limit is set for the 'practical' group catalog that is being assembled (the regime 3,000−10,000 km s −1 ). Low surface brightness galaxies are numerically dominant in a local volume limited sample to faint magnitudes but they make a small contribution to integrated flux. Here, a 2MASS K s band luminosity function is constructed to a limiting magnitude of M Ks = −19+5logh. The contribution from galaxies fainter than this limit would augment the total luminosity budget by 2-5% depending on the steepness of the faint-end luminosity function. Of slightly greater concern is the missing flux from low surface brightness galaxies above the magni-
2MASS lower limits
Fig. 1.-Demonstration of lost flux from low surface brightness galaxies in the 2MASS catalog for galaxies in the nearby Ursa Major Cluster. On the ordinate, the magnitude difference is shown between the 2MASS K s magnitude and the magnitude measured in the more sensitive observations by Tully et al. (1996) . The exponential disk central surface brightness of a galaxy is given on the abscissa. Symbols in red represent galaxies that appear in the Large Galaxy Atlas (Jarrett et al. 2003) which is more rigorous than the Extended Source Catalog (Jarrett et al. 2000) . The crosses identify lower limits to the magnitude differentials in cases of galaxies excluded from the 2MASS catalog. The 2MASS survey looses flux with a strong dependence on surface brightness. tude cutoff. As a rough estimate, as much as 20% of the light in stars in galaxies might be missing from our inventory.
In defining the luminosity function it is necessary to contend simultaneously for the loss of faint galaxies with distance and the uneven contributions with distance due to clumping in the distribution of galaxies. In the regime where peculiar velocities are only a small perturbation on expansion velocities, it is possible to deal with the clumping problem by fitting the luminosity function complete to a limit defined by the inner redshift boundary of the shell. A parameterized function can be fit to the observed luminosity distribution to the completeness limit for a sequence of shells over a domain relevant to the input catalog. If the parameters of the fits are stable over successive shells then it can be considered that the luminosity function is reasonably defined.
A Schechter function (Schechter 1976 ) is fit following standard conventions. The function for absolute magnitude M Ks is of the form N (M Ks ) =
(8) and has three fitting parameters: a faint end power law slope parameter α K , a bright end exponential cutoff parameter M ⋆ K , and a sample normalization parameter N K . Only the first two parameters are important for the present discussion.
It has to be entertained that galaxy luminosity functions may vary with environment. Detailed studies suggest that the variations are, in fact, quite modest (Tully 2011) . Variations in α at r band range from −1.35 for dense, gas-poor environments to −1.2 for less evolved gas-rich environments. There is a coupling in the parameter fits: a brighter choice of M ⋆ leads to a more negative choice of α. There is tentative evidence at optical bands that there is a weak environmental dependence on luminosity functions but the more robust conclusion is that any dependence is at most small.
Before giving attention to the full 2MRS catalog in redshift shells, three nearby clusters are considered that completely sample to the M Ks = −19.0 limit: the Virgo, Fornax, and Ursa Major clusters (here, luminosities have been transformed to be consistent with H 0 = 100). With the Virgo Cluster alone, a sample of 150 galaxies is fit with the M ⋆ K and α K parameters −23.7 and −0.97. Ex-tending the sample to include 234 galaxies in the three clusters gives −23.4 and −0.83. In comparing these numbers, recall the cautionary note above regarding parameter coupling.
Turning to the full sample, consideration is given to fits in 15 separate shells at half magnitude increments of M .) The nearest shells contain ∼ 500 galaxies. The most populated shell at 10,000 km s −1 contains almost 8,000 galaxies.
The best constraints on the faint end slope α K come from fits to the nearest shells. However in these cases the bright end is poorly populated, creating uncertainty in M ⋆ K . The bright end exponential cutoff parameter M ⋆ K is most confidently constrained in the mid range of shells which are well populated. In the five most distant shells beyond 10,000 km s
, so α K is effectively unconstrained and the fits are affected by rare high luminosity systems.
Giving attention to the nearest shells there is the hint that the luminosity function is turning over (α K < −1) but the evidence is not convincing. This hint was already seen with the fits to the three nearby clusters. However the details of the faint end slope are not important here. At the near limit of 3,000 km s −1 of the 'practical' group catalog that will be constructed, M lim K = −20.9. For the ensuing fits α K = −1.0 is assumed and the only free parameter is M ⋆ K . From the discussion earlier in this section it is to be appreciated that the faint end slope measurement for the 2MASS catalog is strongly biased shallow by the loss of low surface brightness galaxies. Figure 2 shows the run of fits to M ⋆ K as a function of the magnitude limit M lim K in shells, assuming α k = −1.0. In the four most distant shells, at velocities > 16, 000 km s −1 , there is a drift in M ⋆ K to higher luminosity. These shells only sample the brightest galaxies in the exponential cutoff tail. There is a hint here that the Schechter description is inadequate, that there is an excess of extremely luminous galaxies. Indeed, there is evidence from a more extensive sample derived from a larger volume that there are more bright galaxies than anticipated by the exponential cutoff of the Schechter function and that a better description is provided by a double power law (Tempel et al. 2009 ). That possibility is not of concern to the current discussion given an upper expansion velocity cutoff of 10,000 km s −1 to the practical group catalog. In summary of this section, the luminosity function is adequately fit by the exponential cutoff parameter M ⋆ K = −23.55 ± 0.05 + 5logh assuming α K = −1.0. By comparison, Cole et al. (2001) cite −23.44 ± 0.03 with α K = 0.96 ± 0.05 from 17,173 galaxies with redshifts from the 2dF survey, Bell et al. (2003) cite −23.33 with α K = −0.88 brightward of −21 + 5logh and α K = −1.33 faintward, from 22,679 galaxies with redshifts from the Sloan survey, and Crook et al. (2007) , referencing Huchra, cite −23.5 with α K = −1.02 from the preliminary 2MRS 11.25 sample. These earlier results are consistent with the present results given the issue of the lost low surface brightness systems and the coupling between the parameters M ⋆ K and α K .
The Selection Function
Given a luminosity function, the number and flux from missing galaxies can be determined as M The correction factor is a multiplier to account for missing information. The number of missing galaxies explodes quickly but the lose of light increases much less rapidly. The luminosity correction factor CF lum is described by the polynomial expression
where velocities V LS are in the Local Sheet frame (Tully et al. 2008 ), a variation on the more familiar but ambiguous Local Group frame. By 10,000 km s
, the correction factor for lost light is about a factor two. A procedure will be described in the next section that requires luminosities for the definition of galaxy groups. If CF lum 2 the composition of groups become suspect with the proposed procedure. Consequently, although the full 2MRS 11.75 catalog is given attention and groupings are proposed for the ensemble, group compositions are not considered reliable at velocities greater than 10,000 km s −1 . At the other extreme, because of issues mentioned earlier associated with peculiar velocities and missing low surface brightness objects, the current catalog is not the best below 3,000 km s −1 . The domain of the 'practical' catalog is 3,000−10,000 km s −1 . The properties of groups outside this regime are not considered reliable.
Construction of the Group Catalog
Observable properties of established galaxy groups were discussed in section 2, including second turnaround dimensions R 2t distinguishable in well studied cases, the line-of-sight velocity Fig. 3 .-Number and luminosity correction factors as a function of velocity in the Local Sheet reference frame. Eq. 9 for CF lum is described by the solid line, overlying a dotted line that plots the numerically calculated run of this parameter. dispersion σ p in clean cases, and the associated luminosities. Scaling laws were established that permit the inference of halo properties − mass, velocity dispersion, and radius -from observed luminosities. Section 3 provided a description of adjustments that have to be made to luminosities to account for lost contributions as a function of distance.
The conceptual outline of the group-finding algorithm is as follows. (1) Start with the intrinsically most luminous galaxy in the sample after adjustment with the correction factor. (2) Assume a group mass-to-light ratio appropriate for that intrinsic luminosity using Eq. 7 and calculate the halo expectation parameters R 2t (Eq. 5) and σ p (Eq. 6). (3) Cycle through the sample to search for galaxies that lie within the R 2t radius of the primary system and within 2σ p of its velocity. (4) After this first cycle, sum the luminosities of associated galaxies and determine their luminosity weighted projected centroid and unweighted velocity mean. (5) Calculate the halo expectation parameters R 2t and σ p for this enlarged entity. Repeat cycles until there are no new links. (6) Go to the next intrinsically most luminous galaxy among the unlinked cases and repeat procedures (2)−(5). (7) Continue to successively fainter galaxies until there are no more galaxies to consider.
After the initial construction of tentative groups, it is found that there can be occasional overlaps between close neighbors. Hence another cycle is initiated. (8) Beginning with the most populated candidate group, cycle through the other groups looking for overlaps in both R 2t projected dimensions and velocity dispersions (the larger of the quadrature addition of the 2σ p values and the 3σ p value of the larger entity). (9) Recalculate halo properties for any enlarged candidate group and recycle. Repeat until no new additions. (10) Consider next most populous candidate group and successively smaller candidates until the entire catalog has been explored. The final affiliations of galaxies will be called "nests".
An illustration of groups found in a particular region is given in Figure 4 . The Perseus-Pisces filament that is shown is the densest region of major filaments in the volume that has been explored. Histograms of the velocities of candidate members in the four largest nests are seen in Figure 5 .
Among details, one is a cutoff in the galaxies that are considered at an expansion velocity of 24,000 km s −1 . The idea is to identify groups in some manner to 20,000 km s −1 with minimal high velocity edge effect. As mentioned already, though, the luminosity correction factor becomes large at high redshifts, reaching 40 at 20,000 km s −1 . The group catalog extends to 20,000 km s −1 but it would be unwise to make much of group characteristics at velocities greater than 10,000 km s −1 . Another detail is that the north and south Galactic hemispheres were evaluated separately since no real group except the most local crosses the zone of obscuration. In the final group catalog, nests are given 6-figure identification numbers with the initial digit for those in the north the number 1 and the initial digit for those in the south the number 2. The 2MRS limit of |b| = 5
• fortuitously allows inclusion of two of the largest nearby clusters, Norma and Ophiuchus, as shown in Figure 6 . The excluded low Galactic latitude zone occupies 9% of the sky. As an aside, a systematic X-ray search for clusters has revealed 3 clusters within 10,000 km s −1 in the 2MRS exclusion zone: CIZAJ0450.0+4501 (V h = 6655 km s −1 ) and CIZAJ0603.8+2939 (V h = 8994 km s −1 ) in proximity to the Perseus Cluster and CIZAJ1324.7-5736 (V h = 5696 km s −1 ) near the Norma Cluster (Ebeling et al. 2002) .
A third, more significant detail follows from close inspection of the nests in plots of projected positions and histograms of velocities. There sometimes were apparent gaps that suggest the linkages were too severe. These gaps were usually more convincing in the spatial information rather than in velocities. In only six instances, nests were split. In these cases the smaller part is given an identification with the number 2 as the second digit. The digits 3 to 6 are the same as the identification number of the larger part. The Abell 1367 Cluster seen in Figure 7 is an example. The main cluster in red is nest 100005 while the secondary cluster in cyan is nest 120005 in the group catalog. It can be expected in such a case that the two entities are on paths to soon merge. Nests are split where the evidence is compelling. With several other nests there are hints of segregation but there is sufficient ambiguity that they were left alone. For example, in the case of the Centaurus Cluster shown in Figure 8 there appear to be two kinematic components but they are not distinctly separated and the spatial overlap is severe. The two components in this well known case (Lucey et al. 1986; Stein et al. 1997) appear to have similar distances. Here and commonly with the halos under consideration it can be expected that merging and cluster growth is an ongoing process.
A fourth detail results from the observation that the algorithm that is employed fails to pick up extreme velocity outliers. With the large nests it was not uncommon to find velocity outliers reaching ∼ 3.5σ projected very near to the center of the nest. Their central locations and the paucity of galaxies in the vicinity with similar velocities makes the likelihood of their membership very high. These galaxies are added to the associated nests and the nest parameters are recalculated. Table 1 gives the gross statistics of the group catalog, both overall and in the restricted interval 3,000 to 10,000 km s −1 . In the velocity interval 3,000 km s −1 to 10,000 km s −1 there are 24,044 galaxies to consider in the 2MRS 11.75 sample. These are assembled into 13,605 groups, with 3,461 groups of at least 2 members and 10,144 singles. The Perseus Cluster contains the most galaxies from the 2MRS 11.75 sample in this restricted velocity range, with 180. Figure 3 teaches us that number counts are strongly dependent on distance. Masses from adjusted luminosities and velocity dispersions are more stable with distance. Table 2 lists the top 8 clusters in the 3 − 10 thousand velocity interval: on the left, by masses derived from luminosities, and on the right, by velocity dispersions. For comparison, the Virgo Cluster, the most important cluster within 3,000 km s −1 is included. The Virgo Cluster is a comfortable peer of these prominent groups.
Local Densities
Knowledge of the selection function and of the group characteristics allows for the determination of the smoothed luminous density at the location of every galaxy in the sample. Values for this parameter have been calculated on a 1h −1 Mpc grid and each galaxy is given the value at the nearest grid location. The luminosity densities at each grid point are given by the sum of contri- butions from members of the sample after Gaussian smoothing. Luminosities are adjusted following the recipe illustrated in Fig. 3 . The Gaussian smoothing scale is 1h
lum Mpc so the compensation for missing light is spread across more grid points at larger distances while the contribution from a single galaxy remains constant at the central position of the galaxy. In order to eliminate the finger-of-god elongation of structures in redshift space, yet realistically replicate the depth of clusters, galaxies in the identified groups with velocity V gal are given redshift space positions in the line-of-sight based on the mean group velocity V gp plus 0.1(V gal − V gp ). Finally to note: since the luminosity adjustment becomes very large at large redshifts, the luminosity density computation is restricted to a box ±200h −1 Mpc on a side. Even within this box, density values toward the edges are very uncertain.
Maps of the density distribution are shown in three orthogonal slices in Figures 9, 10 , and 11. The presentations are in supergalactic coordinates and each slice has a thickness of 4000 km s −1 .
The slices are chosen to include most of the main structural features in the volume being studied. See the captions for details.
Tabulated Information
Three on-line tables are provided that present the group catalog. Table 3 gives a summary of each group, one line per group. Table 4 identifies the individual members of each group. Table 5 combines these pieces of information: there is one line per galaxy containing information about the galaxy and about the ensemble properties of its group. In each case, the first 10 rows of large tables are shown, with the full tables made available on-line. Table 5 is also available (separated into Galactic north and south halves) at the Extragalactic Distance Database.
2 More detailed information about the tables follows. . Contours are at logarithmic intervals with a low density cutoff at 10 9 h 2 M ⊙ Mpc −3 . Galactic obscuration band at SGY ∼ 0. The most prominent feature is the Shapley Concentration at SGX = −13, 000 km s −1 , SGY = 8, 000 km s −1 . Fig. 10 .-Slice through smoothed 2MRS luminosity density cube: SGY interval +5000 to +9000 km s −1 . Contours as in Fig. 9 . This interval contains the Great Wall with the Coma Cluster near the center, the Hercules complex above center and slightly to the left, and the Shapley Concentration at SGX = −13, 000 km s −1 , SGZ = 0. Fig. 11 .-Slice through smoothed 2MRS luminosity density cube: SGX interval -4000 to 0 km s −1 . Contours as in Fig. 9 . Galactic obscuration is tilted by 6
• from the SGY = 0 axis. The Great Wall rises vertically at SGY = 6, 000 km s −1 reaching the Hercules complex at SGZ + 8, 000 km s −1 . Directly above our position at the origin is the Local Void, blending toward the upper right into the Hercules Void. , with small adjustments described in section 4.1 to create roughly spherical clusters, in Mpc.
Group Properties
It can be asked if observed velocity dispersion, spatial scale, and inferred virial masses track the assumptions based on luminosity. Correlations are expected but there could be offsets. There will be evident uncertainties with small groups. In best cases with order 100 candidate members, projected velocities and positions reasonably represent the three-dimensional distribution but with only a few members, in the extreme only two, knowledge of only one of three velocity components and two of three spatial components results in large uncertainties in group properties. Uncertainties are compounded by interlopers. Then, more fundamental than the observational considerations, it is appreciated that the structures may often, even usually, stray from dynamical equilibrium.
While ultimately uncertainty will rule, there are better and worse ways to evaluate group parameters. Approaches have been discussed by Beers et al. (1990) . They evaluate methods for what they call resistance, robustness, and efficiency. A resistant method is minimally affected by outliers. A robust method works with diverse population characteristics. An efficient method does the best that can be done with poor statistics. Following tests with samples from 5 to 200 in size, Beers et al. identify a preference for bi-weight location and scale estimators. Their recipes are followed here to determine group central velocities and line-of-sight dispersions and measures of the projected separations R ij of group members. Figure 12 provides a comparison between group mass estimates derived via the virial theorem from positions and velocities versus group mass estimates following from the integrated K s band light. The dotted line gives the equality relationship. It is seen that there is excellent agreement with groups containing at least 30 2MRS galaxies, identified by the brown and red points, and still good agreement with memberships as small as 10, points in orange and green. The correlation falls apart with fewer group members, already with 5 to 9 members represented in the plot in cyan, but especially with groups of 2 to 4 represented in blue. Of course, the virial mass estimates are suspect with small numbers. The systematic trend toward small masses can be understood. The group search algorithm that sets spatial and velocity limits favors inclusion of galaxies with close projected separations and radial velocities and disfavors objects with large projected separations and radial velocities that would make the cut with full 3D information. The scaling laws assume that the accessible phase space information reasonably represents the group which is statistically valid if the membership is large.
The separate velocity dispersion and spatial scale components are given attention in Figure 13 . Observed dispersions are compared with dispersions anticipated from luminosities in the top panel and observed gravitational radii are compared with second turnaround radii in the bottom panel. Color codings tied to group membership are the same as in Fig. 12 except groups with less than 5 members are omitted. The absolute luminosity cutoff M Ks = −19 + 5logh translates to lower cutoffs in the dispersions and dimensions derived from luminosities. The dashed lines in the two panels represent best fits to the comparisons involving groups with at least 30 members. In the case of velocity dispersions the difference between measures is marginal. In the case of dimensions, there is no expectation that the two measures would be the same. Statistically, R 2t is 27% ± 3% larger than the gravitational radius.
There are two conclusions from the discussion of this section. The first is that the absolute scale of the masses derived from luminosities is consistent with a scale from kinematic input. The second is that K s luminosities provide masses with smaller uncertainties than kinematic masses. Admittedly there could be hidden systematics in the luminosity masses that remain to be revealed.
The Group Mass Function
The availability of the group catalog presents the opportunity to construct a well formulated halo mass function. The analysis is restricted to groups with mean velocities in the range 3,000−10,000 km s −1 in the CMB frame. The definition of groups includes groups of one, so the concepts of groups and halos are synonymous to the degree that halos are filled with enough stars Fig. 13. -Top: bi-weight radial velocity dispersion vs. velocity dispersion inferred from K s luminosity. Bottom: bi-weight projected gravitational radius vs. R 2t . The color code identifies the number of members. Dotted curves correspond to 1:1 dependencies. Dashed curves are the best fits to groups with at least 30 members. to be visible. Within the completion limits of the 2MRS 11.75 survey, the group catalog contains all halos in the volume.
The mass function derived with this sample is presented in Figure 14 . Masses are determined from K s luminosities, as justified in Section 5. It is seen that the mass function is built by merging two regimes. The highest mass (luminosity) groups are seen across the full range of velocities (distances). However high mass groups are rare in the nearer part of the survey because of the limited volume. By contrast, the lowest mass groups are not seen in the outer shells but within the range that they can be seen they are present in substantial numbers.
In Fig At masses above 3h −1 × 10 13 M ⊙ the mass function is built with contributions over the full range 3,000−10,000 km s −1 while at lower masses the construction is limited to contributions over the range 3,000−6,500 km s −1 . The model fit is based on the Sheth-Tormen (ST) formalism with Ω matter = 0.2 and a count normalization. mass function restricted to 3,000−6,500 km s −1 . The numbers for the shallower sample are geometrically augmented to compensate for the reduced volume being explored. The two realizations of the mass function overlap satisfactorily in the mid range of 10 13 − 10 14 M ⊙ . In the plot, circles are black and squares are grey above 3h −1 × 10 13 M ⊙ while circles are grey and squares are black below this mass. At the high mass end the contributions from the two regimes are consistent but the bin √ N error bars are larger for the shallower sample. At the low mass end there are differences attributable to completion effects.
The dashed curve in Fig. 14 illustrates a fit 4 using the Sheth−Tormen modification (Sheth & Tormen 1999) of the Press−Schechter formulation of the mass spectrum of collapsed halos from an initial Gaussian field (Press & Schechter 1974) . The model fit minimizes scatter in bins of log(Number) over the solar mass range 12.8 to 14.7 in log units, with all bins in that range given equal weight. The fit excludes halos with log mass greater than 14.7 because of poor statistics and halos below log mass 12.8 because of probable systematics. Over the fitted range, the scatter of 0.07 in log counts is achieved with a low value of Ω matter ∼ 0.2, assuming a topologically flat universe. However, while the shape of the model fit is in excellent agreement with the data, the count normalization is poor. There will be cosmic variance. As a measure of statistical fluctuations, there are 7% more 2MRS galaxies in the sample volume in the north Galactic hemisphere than in the same volume in the south. However, the nominal Sheth−Tormen fit required an augmentation in counts by a factor 4.6 to achieve the fit shown in Fig. 14. This unsatisfactory situation requires an investigation that goes beyond the scope of this paper for reasons discussed next.
The fit clearly fails at group masses below 6h −1 × 10 12 M ⊙ . There are several possible reasons. There is immediate concern related to the luminosity corrections with distance. The adjustment reaches a factor two at 9,000 km s −1 and, in the extreme, the adjustment can be as large as 2.6 or a displacement of 4 bins in log mass. Certainly an adjustment is required. Adjustments cause a binning uncertainty at the level of ±1 bin. A related but greater concern is whether the correction for missing light should strictly be assigned to one halo. The assumption to do so is probably valid at high masses but not valid at low masses. High mass groups contain a lot of galaxies and statistically the galaxies missed will be associated. Low mass groups contain few galaxies, possibly only one that makes the 2MRS 11.75 catalog. It is likely that frequently all or part of the added luminosity lies in separate uncatalogued halos. The consequence would be that the present procedure preserves total light but assigns the light to fewer halos than actually exist. There would be depletion of the numbers in the lowest mass bins and possible augmentation of numbers in intermediate mass bins.
One wonders about the effect of the loss of low surface brightness galaxies in the 2MASS samples. The problem is not so much with the systematic loss of light. If that light had been captured then the coefficients of the correction formula Eq. 7 would have been smaller in compensation. The greater problem is the loss of halo counts at the low mass end where unseen light either at the extremities of cataloged galaxies or galaxies that are entirely missed impacts the mass function.
It should be possible to evaluate these concerns by "observing" mock catalogs. There are plans to carry out this experiment. However ultimately the 2MRS 11.75 catalog is not optimal for a study of the faint end of the mass function because of the loss of low surface brightness systems. As was discussed in the companion paper T15, it is apparent that there is an abundance of groups with low mass that are entirely missed in the 2MRS 11.75 compilation and would continue to be missed with 2MASS samples to fainter limits. Surveys that target low surface brightness systems can help clarify the situation at low masses (van den Bergh 1959; Fisher & Tully 1981; Karachentseva & Karachentsev 1998; Karachentseva et al. 1999; Karachentseva & Karachentsev 2000) . Wide field neutral Hydrogen surveys provide complementary inventories (Meyer et al. 2004; Giovanelli et al. 2005 ). An anticipated future paper in this series will present a group catalog for galaxies within 3500 km s −1 that samples low surface brightness systems. That catalog of nearby groups will give much better definition of the low mass end of the mass function.
There can readily be an improvement of the observed mass function at the high mass end as well. The 2MASS Extended Source Catalog (Jarrett et al. 2000) augmented by Tom Jarrett (private communication) with velocities from the 6dF Galaxy Survey (Springob et al. 2014 ) and the Sloan Digital Sky Survey extends a factor 2 greater in depth over 3/4 of the sky, giving access to a factor 6 more volume.
While group catalog extensions to the very local volume and to larger distances will greatly clarify the observational status of the group mass function, there remains an issue with the normalization of the Sheth−Tormen mass function. There has to be a clearer understanding of whether masses in simulations and the observed universe are commensurate. This issue will be given attention in a future publication.
Summary
John Huchra's legacy, the 2MASS Redshift Survey with almost all-sky completeness and photometric integrity, provides the best available description of the redshift distribution of galaxies in our corner of the universe (Huchra et al. 2012; Erdogdu et al. 2006; Nuza et al. 2014) . The nearinfrared photometry captures light from the dominant baryonic component of galaxies, the old stars, with minimal loss from obscuration. Variations of this sample have already been used to build group catalogs (Crook et al. 2007; Lavaux & Hudson 2011 ). In the current paper, in addition to using the full 2MRS 11.75 catalog, the groups are constructed to conform to scaling laws defined by detailed studies of individual groups with masses 10 11 to 10 15 M ⊙ , discussed in T15.
While groups have been defined over the full velocity range of the 2MRS 11.75 catalog, the nearest and furthest groupings are suspect. Due to the loss of low surface brightness galaxies from the 2MRS catalog, this sample is not optimal for the construction of low mass groups, best studied nearby. At high redshifts, once only galaxies brighter than the characteristic magnitude M ⋆ K of the exponential cutoff are being accessed, the correction factor for missing light creates unacceptable uncertainties. The most useful domain of the present catalog is 3, 000 − 10, 000 km s −1 in the CMB frame.
In this shell from 3,000 to 10,000 km s −1 , the present catalog contains 24,044 galaxies in 3,461 groups of two or more and 10,144 singles. The Perseus Cluster, Abell 426, is the most populated group with 180 assigned members. There are 5 groups with masses greater than 10 15 M ⊙ (A2199, Coma, Ophiuchus, Norma, and Perseus), 182 groups in the next decade of mass down to 10 14 M ⊙ , and 3514 more groups in the subsequent decade down to 10 13 M ⊙ . The densest concentration of clusters are in the region historically called the "Great Attractor" (Dressler et al. 1987) , which is the core of the Laniakea Supercluster (Tully et al. 2014) , and the Perseus−Pisces chain (Haynes & Giovanelli 1988) .
The construction of the group catalog all the way down to "groups" of one permits the construction of the mass function of groups. The volume considered is between 3,000 and 10,000 km s −1 in the CMB frame, absent 9% of the sky in the zone of obscuration. Every 2MRS 11.75 galaxy in this volume contributes to halos as small as 2h −1 × 10 11 M ⊙ and as massive as 2h −1 × 10 15 M ⊙ . The halo fitting function determined by Sheth & Tormen (1999) provides a good fit to the shape of the observed mass function with the choice Ω matter ∼ 0.2 in a flat universe. However, the count normalization is poor. This situation requires further analysis but first there are available ways that the observed mass function can be improved with catalog extensions to the local volume and to greater distances.
The mass in halos in the 3, 000 − 10, 000 km s
shell can be summed. Divided by the volume, the product is a density that can be compared with the critical density for a closed universe without vacuum energy. This normalized density in bound halos is Ω collapsed = 0.16 ± 0.02. The error is the quadrature sums of three components: cosmic variance gauged by the north−south difference of ±0.009, 20% uncertainty in the amplitude of the lost light correction factor resulting in a summed fractional uncertainty of 0.014, and a 10% uncertainty in the conversion from light to mass, an uncertainty in Ω collapsed of 0.016..
